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Abstract 

Clusterin is a ubiquitous, heterodimeric glycoprotein with multiple possible functions that are likely influenced by 
glycosylation. Identification of oligosaccharide attachment sites and structural characterization of oligosaccharides in 
human serum clusterin has been performed by mass spectrometry and Edman degradation. Matrix-assisted laser de- 
sorption ionization mass spectrometry revealed two molecular weight species of holoclusterin (58,505 f 250 and 
63,507 * 200). Mass spectrometry also revealed molecular heterogeneity associated with both the LY and p subunits of 
clusterin, consistent with the presence of multiple glycoforms. The  data indicate that clusterin contains 17-27% 
carbohydrate by weight, the LY subunit contains 0-30% carbohydrate and the p subunit contains 27-30% carbohydrate. 
Liquid chromatography electrospray mass spectrometry with stepped collision energy scanning was used to selectively 
identify and preparatively fractionate tryptic glycopeptides. Edman sequence analysis was then used to confirm the 
identities of the glycopeptides and to define the attachment sites within each peptide. A total of six N-linked glyco- 
sylation sites were identified, three in the LY subunit ( d 4 N ,  cy*lN, a I z 3 N )  and three in the p subunit (p@N, p'27N, and 
@'47N). Seven different possible types of oligosaccharide structures were identified by mass including: a monosialo- 
biantennary structure, bisialobiantennary structures without or with one fucose, trisialotriantennary structures without or 
with one fucose, and possibly a trisialotriantennary structure with two fucose and/or a tetrasialotriantennary structure. 
Site p@N exhibited the least glycosylation diversity, with two detected types of oligosaccharides, and site pI4'N 
exhibited the greatest diversity, with five or six detected types of oligosaccharides. Overall, the most abundant  glyco- 
forms detected were bisialobiantennary without fucose and the least abundant were monosialobiantennary, trisialotri- 
antennaq with two fucose  and/or tetrasialotriantennary. Clusterin peptides accounting for  99% of the primary structure 
were identified from analysis of the isolated LY and p subunits, including all Ser- and Thr-containing peptides. No 
evidence was found for the presence of 0-linked or sulfated oligosaccharides. The results provide a molecular basis for 
developing a better understanding of clusterin structure-function relationships and the role clusterin glycosylation plays 
in physiological function. 
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MALDI-TOF  MS, matrix-assisted laser desorption ionization time of flight 
mass spectrometry; PBS, phosphate buffered saline;  PBSE, PBS containing 
5 mM EDTA; PMSF, phenylmethylsulfonyl fluoride; FTH, phenylthio- 
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Clusterin is a secreted glycoprotein first described based upon the 
capacity to elicit the clustering of cells  (Blaschuk et al., 1983) and 
is known by several acronyms, including TRPM-2, apolipoprotein 
J, serum protein-40,40, sulfated glycoprotein 2, and complement- 
lysis inhibitor. The protein has been implicated in an array of 
physiological roles, including lipid transport (de Silva et al., 199Ob), 
inhibition of complement attack (Jenne & Tschopp, 1989), sperm 
maturation (Sylvester et al., 1984), and membrane re-modeling 
during apoptosis (Wilson  et  al., 1995). A commonality among the 
multiple possible functions may be a role in cholesterol uptake and 
recycling by membranes during times of cellular stress and change 
(Rosenberg & Silkensen, 1995; Wilson et al., 1995). The protein 
exhibits ubiquitous expression in normal vertebrate tissues and 
elevated expression in a variety of pathological conditions (Wong 
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et al., 1994). Glycosylation likely plays an important role  in  the 
diverse apparent physiological roles of clusterin, yet this structural 
property remains poorly defined (Wagner et al., 1995). As  part of 
on-going studies to decipher clusterin structure-function relation- 
ships, we have identified the  carbohydrate attachment sites and 
characterized the oligosaccharide  structures  in  human serum 
clusterin. 

Previous studies of human serum clusterin have defined the 
protein and gene  sequences  and revealed several posttranslational 
processing events  (Jenne & Tschopp, 1989; Kirszbaum et al., 1989, 
1992; de Silva et al.,  1990a,  1990b;  Choi-Miura  et  al.,  1992; Wong 
et al., 1994). Species homologues display remarkable conservation 
of amino acid sequence  and genomic organization, however, no 
significant homology has yet been detected with other known struc- 
tures (Wong  et al., 1993). The protein is synthesized as a single 
polypeptide precursor that undergoes limited proteolysis to remove 
a leader peptide  and to produce the a and p subunits, which are 
linked by four or five  disulfide bonds (Choi-Miura et al., 1992). 
The protein mass calculated from amino acid residues alone  is 50.1 
kDa, yet by SDS-PAGE, holoclusterin exhibits an apparent mo- 
lecular weight of 70-80 kDa and the a and p subunits appear to be 
35-40 kDa. Clusterin glycosylation has long been known to con- 
tribute to the observed mass variations (Blaschuk & Fritz, 1984), 
and  previous  studies using lectin binding, susceptibility to glyco- 
sidases, and chemical analysis methods suggest that the protein 
contains sugar of the  complex  form, constituting 20-30%  of the 
molecular weight (Blaschuk  et al., 1983; Griswold et al., 1986; 
Burkey et al., 1991). Based on sequence motifs, various clusterin 
species may contain both N-linked sugar as well as 0-linked sugar; 
for  example, human clusterin contains six N-linked sequons and 
four 0-linked sites predicted by the NetOglyc computer program 
(Hansen  et al., 1995). Previous Edman sequence data suggest that 
human serum clusterin contains six sites of N-linked carbohydrate 
and no 0-linked sugar  (Kirszbaum  et al., 1992). To clarify ambi- 
guities regarding clusterin glycosylation and to establish a foun- 
dation for relating oligosaccharide content with clusterin function, 
we have used mass spectrometry and Edman degradation to define 
the carbohydrate covalently bound to human serum clusterin. This 
study represents the most rigorous molecular weight determination 
and detailed glycosylation site analysis of this intriguing glyco- 
protein to date. 

Results 

Molecular weight determination of holoclusterin 
and  the a and p subunits 

Molecular weight determination, amino acid analysis, and NH2- 
terminal sequence analysis of human serum clusterin and  the intact 
clusterin subunits  were performed with RP-HPLC purified protein 
preparations. The  Rp-HPLC profiles in  Figure 1 provide an indi- 
cation of the purity of the  irnmunoaffhity-purified holoclusterin 
and the  chromatography  yielded  desalted  protein  suitable for 
MALDI-TOF mass spectrometric analysis. RP-HF'LC  of clusterin 
after reduction and S-carboxyamidomethylation allowed isolation 
of the  intact,  CAM-modified a and p subunits (Fig. 1B). Auto- 
mated Edman sequence analysis of the purified holoprotein (about 
10 pmol analyzed) revealed two  sequences  (DQTVS . . . and 
SLMPF.. .) consistent with the known human clusterin subunit 
sequences (Wong et al., 1994). Edman analysis of the purified 
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Fig. 1. RF-HPLC of holoclusterin (A) before and (B) after reduction and 
S-carboxyamidomethylation. Approximately 15 pg of holoclusterin per 
chromatography was injected onto  a 5-p Vydac C18 column (1 X 250 mm) 
at 0% B. Chromatography was performed with an Applied Biosystems 
model 120 HPLC system at  a flow rate of 50 pL/min using the gradients 
indicated; I-min fractions were collected automatically and absorbance 
monitored at 220 nm. Solvent A was 0.1% trifluoroacetic acid in Hz0 and 
solvent B was 84% acetonitrile containing about 0.07% trifluoroacetic 
acid. The identity of the separated (Y and /3 clusterin subunits is indicated 
in panel B. 

CAM subunits (5-38 pmol analyzed) revealed single sequences 
for each isolated protein and identified the earlier eluting compo- 
nent (Fig. 1B) as the a subunit (NH2-tenninal sequence DQTVS- 
DNELQ . . .) and the later eluting component as  the p subunit ( N H 2 -  

terminal sequence SLMPFSPYEP.. .). Amino  acid analysis of 
holoclusterin and the purified subunits (Table 1) yielded compo- 
sitional data  in good agreement with the known compositions. The 
results from RP-HF'LC, amino acid, and sequence analysis provide 
evidence of the quality of protein used for subsequent molecular 
weight determinations. 

Previous SDS-PAGE-measured mass values (70-80 kDa  for ho- 
loclusterin and 35-40 kDa  for  the subunits) have lead to tenuous 
estimates of the amount of carbohydrate associated with clusterin. 
The molecular weights of human serum clusterin and  the isolated 
CAM subunits were determined by MALDI-TOF MS as shown in 
Figure 2 (mass values are the average of five measurements). For 
the protein preparation analyzed (holoclusterin preparation 2), 
MALDI-TOF MS revealed two molecular species of holoclusterin 
(58,505 f 250 and  63,507 k 200), three  species of the CAM a 
subunit (24,196 k 50; 26,464 k 10; and 31,351 k 25),  and  one 
species of the CAM p subunit (32,823 f 20). The  lower m/z 
species evident in Figure 2 represent multiply charged species. 
Weak ionization of the  CAM p subunit was observed in LC- 
ESMS, nevertheless, the electrospray data suggest the  existence of 
several molecular species, including but not limited to 32,787 f 4, 
33,157 f 7,  33,443 f 9, and 33,596 f 4. Qpical  for glycopro- 
teins, no useful molecular weight information was obtained by 
electrospray mass spectrometry for  either holoclusterin or the CAM 
a subunit. Calculated from the gene sequence, the molecular weight 
of human holoclusterin is  50,071,  the a subunit is 24,198, and 
the p subunit is 25,883. Assuming that the differences between the 
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Table 1. Amino acid analysis of clusterin a 

Residues/molecule 

Amino acid 

Asp/Asn (D/N) 
Glu/Gln (E/Q) 
Ser (S) 
G ~ Y  (GI 
His (H) 
Arg (R) 
Thr (T) 
Ala (A) 
pro (P) 
b r  (Y) 
Val (V) 
Met (M) 
Ile ( I )  

(L) 
Phe (F) 
LYS (K) 

Amount analyzed (pg )  
Average compositional% error 

Holoclusterin 

Knownb Experimental 

46 47.1 
68 63.8 
33 35.9 
11 20.7 
13 11.6 
29 25.2 
25  26.2 
16 19.6 
20 25.3 
11 12.1 
25  24.2 
14 15.0 
13 10.3 
39 42.1 
22 20.0 
28 27.8 

0.8 
10.3 

(Y Subunit /3 Subunit 

Knownb 

23 
34 
15 
I 
5 

14 
11 
6 
8 
5 
9 
7 
7 

19 
12 
16 

Experimental Knownb 

21.0 23 
31.4 34 
15.6 18 
10.0 4 
5.6 8 

12.4  15 
11.8  14 
7.1 10 
9.3 12 
4.1 6 
9.3 16 
6.3 I 
5.4 6 

22.0 20 
12.2 I O  
15.8 12 

0.8 
11.5 

Experimental 

22.7 
31.4 
17.9 
13.5 
8.0 

14.4 
14.3 
12.6 
13.6 
5.8 

17.2 
3.3 
5.2 

23.6 
9.7 

13.3 

0.2 
11.4 

aPhenylthiocarbamyl  amino acid analysis with automatic vapor phase hydrolysis was performed on HPLC purified clusterin samples 

& Crabb, 1992). 
according to West and  Crabb (1992). Average compositional % error was calculated using all residues except Gly, Trp, and Cys (West 

bWong et al. (1994). 

calculated and observed mass values are due  to glycosylation, the 
data indicate (for this protein preparation) that the a subunit con- 
tains 0-30% carbohydrate, the p subunit 27-30% carbohydrate, and 
holoclusterin 17-27% carbohydrate by weight. The observed mass 
variation is  due to variable oligosaccharide content as shown below. 

Identljication of clusterin glycosylation sites 

To identify glycosylation sites, human serum clusterin was re- 
duced, S-carboxyamidomethylated, and tryptic digests of the intact 
CAM protein or the isolated CAM subunits analyzed by LC- 
ESMS. LC-ESMS data  are presented in Figure 3 from tryptic 
digests of the individual a and p subunits. Additional LC-ESMS 
data  from tryptic digests of two different holoclusterin prepara- 
tions (Suppl. Figs. 1 and 2, respectively) are available in the Elec- 
tronic Appendix. The similarity between RP-HPLC tryptic peptide 
maps recorded by ultraviolet absorbance and total ion current is 
shown  in Supplementary Figure 1.  Stepped collision energy scan- 
ning was used during all the  on-line LC-ESMS analyses of clus- 
terin to produce carbohydrate-specific marker ions  as described in 
Materials and methods (Carr et al., 1993; Huddleston et  al.,  1993; 
Bean et al., 1995). The locations in the chromatograms where these 
ions maximize (usually two or more in concert) indicate a glyco- 
peptide-containing fraction (see Fig. 3). Inspection of the under- 
lying full-scan mass spectra provided the molecular mass of the 
glycopeptide and of the attached carbohydrate. 

Select LC-ESMS fractions from  Figure 3 and Supplementaty 
Figure 1 were subjected to Edman degradation to determine NH2- 
terminal peptide sequences; sequence data supporting the position 

of each glycosylation site is presented in Table 2. A total of six 
N-linked glycosylation sites were identified in clusterin from anal- 
ysis of the isolated subunits  (Fig. 3). Three N-linked sites were 
identified in the a subunit, namely @N, ‘IN, and 123N (Fig. 3B) 
and three sites were identified in the p subunit, namely, 64N, Iz7N, 
and 147N (Fig. 3D). Peptides identified from analysis of the indi- 
vidual a and /3 subunits (Fig. 3) are listed in Tables 3 and 4, 
respectively. An overview of the identified clusterin glycosylation 
sites is presented within the context of the complete a and p 
subunit primary structures (Fig. 4). Unlabeled minor peaks in the 
“carbohydrate-specific’’ ion current traces include glycopeptides 
formed by partial tryptic and chymotryptic proteolysis fragments. 
Glycosylated peptides containing a subunit site @N were not found 
in holoprotein preparation one (Suppl. Fig. 1) and glycosylated 
peptides containing a subunit sites 64N and 123N were not found in 
holoprotein preparation two (Suppl. Fig. 2). Peptides identified 
from analysis of the two holoclusterin preparations are  listed in 
Supplementary Tables 1 and 2 in the Electronic Appendix. The 
amount of protein sequence identified from each LC-ESMS anal- 
ysis ranged from 82 to 100% for the a subunit and 82 to 98% for 
the /? subunit. Overall, 99% of the clusterin primary structure was 
identified from the LC-ESMS analyses of the purified subunits 
(Fig. 3; Tables 3, 4); only /3 subunit residues 60-62 (EIR) and 
residues 78-79 (CR) were not found (Table 4) and these peptides 
do not contain potential glycosylation sites. The complete clusterin 
sequence was identified from the combined four  LC-ESMS anal- 
yses. All Ser and  Thr residues can be accounted for  in the identi- 
fied peptides and  no 0-linked sugar was detected in any of the 
analyses. 
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Fig. 2. MALDI-TOF mass spectra of holoclusterin and the a and P subunits. Holoclusterin and the CAM-modified a and P subunits 
were purified by RP-HPLC  as shown in Figure 1 and about 10 pmol of each of the intact proteins analyzed using a VG TofSpec SE 
mass spectrometer. A: Holoclusterin masses of about 58.5 and 63.5 kDa are  evident along with doubly charged species. B: CAM 
a-subunit, masses of about 24.2, 26.4, and 3 1.3 kDa are evident along with doubly and triply charged species. C: CAM P-subunit, a 
mass of about 32.8 kDa, is evident with doubly and triply charged species. 

Table 2. Edman sequence  analysis of clusterin glycopeptidesa 

LC-ESMS Amount 
fraction Sequence analyzed Subunit Glycosylation 
(retention time) determined (pmol) (residues) site 

33 min (Fig. 3A,B) KkEDALXEtr 19 a (58-67) ffMN 
EDALXETR 4 a (60-67) 
YVNK 
TLLsN . . . 4 a (47-5 1) - 

- 

5 a (1 9-22) - 

66 min (Suppl. Fig. I )  LKELPgVcXe . . . 12 a (73-82) a81N 
ELPG . . . 2 a (75-78) 
LFDSD.. . 

- 

12 P ( 182-1 86) - 

59 min (Suppl. Fig. 1) QLEeFLXQ . . . 4 a (117-124) a l z 3 N  

19 min (Suppl. Fig. 1) HXsTGXLR 7 P (63-70) P'N 

85 min (Suppl. Fig. 1) MLXTSSLLEQL.. . 42 P ( 125-1 35) pIz7N 
49 min (Suppl. Fig. 1) LAXLTQGEDQ . . . 55 P (145-154) p147N 

aIndicated glycopeptide LC-ESMS fractions were analyzed by automated Edman degradation as described in 
Materials and methods. Determined sequences are listed along with the amount analyzed (based  on PTH-amino 
acid yield), subunit residues, and glycosylation site. X denotes no residue assignment was made and lower-case 
letters indicate a tentative assignment. Sequence data interpretation was aided by knowledge of the protein 
sequence (Wong et al., 1994) and the mass spectra for the indicated fractions. Supplementary Figure 1 can be 
found in the Electronic Appendix. Supplementary Table 1 (a summary of peptides identified in Suppl. Fig. 1)  and 
Spectra supporting Supplementary Table 1 ,  can  also be found in the Electronic Appendix. 
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Fig. 3. LC-ESMS of tryptic  digests of the clusterin  subunits.  CAM- 
modified clusterin subunits were purified as in Figure 1, digested with 
trypsin, and LC-ESMS performed with a  PE Sciex API 300 triple quadm- 
pole mass spectrometer using stepped collision energy scanning as  de- 
scribed in Materials and methods. A: LC-ESMS of the CY subunit tryptic 
digest (-15 pg). Total ion current (TIC)  for the full scan m/z 400-2.400 
and  the HPLC gradient are shown. B: Selective ion monitoring for carbo- 
hydrate marker ions m/z 204, 292, and 366 for panel A. Arrows and 
brackets denote a subunit glycopeptide fractions and N-linked attachment 
sites. C: LC-ESMS of the p subunit tryptic digest (- 15 pg).  TIC  for the 
full-scan m/z 400-2,400 and the HPLC gradient are indicated. D: Extracted 
ion current traces (summed) for carbohydrate-specific marker ions m/z 
204, 292, and 366 for panel C. Arrows and brackets denote p subunit 
glycopeptide fractions and N-linked attachment sites. 

Characterization of clusterin oligosaccharides 

The structural class of oligosaccharide at each of the six clusterin 
glycosylation  sites  was  determined by ESMS  as  described in 
Materials and methods. Glycopeptide electrospray mass spectra 
obtained from  LC-ESMS analyses of the purified CAM a and p 
subunits are presented in Figures 5 and 6, respectively. Supporting 
glycopeptide mass spectra  for  two or three additional oligosaccha- 
rides identified from the LC-ESMS analyses of holoclusterin are 
presented in  Figure 7. In Figures 5,  6, and 7, the measured masses 
of the glycopeptides, the calculated masses of the unmodified pep- 

tides, the oligosaccharide masses obtained by the difference be- 
tween the unmodified peptide and glycopeptide masses, and the 
structural class of the oligosaccharide (arbitrarily categorized types 
1-7 by ascending mass) are tabulated. No evidence of sulfated 
oligosaccharide was found using electrospray mass spectrometric 
extracted negative ion monitoring for SO3- (Bean  et  al., 1995). 

The process used to characterize clusterin oligosaccharides will 
be illustrated with the two p subunit glycopeptides shown in Fig- 
ure 6A with determined masses of 3,149.9  and 2,858.6. First, note 
that the difference in mass between these ions is that of a NeuAc 
(291.3 observed; 291.3 calculated), suggesting the presence of 
complex-type carbohydrates terminated in sialic acid. Subtracting 
the masses of the three p subunit tryptic peptides containing N-linked 
sequons (i.e., 944.0, 2,409.7, and 1,683.8) from the measured gly- 
copeptide mass yields candidate masses for the attached oligosac- 
charide. For example, subtracting the above tryptic peptide masses 
from the glycopeptide of mass 3,149.9 yields candidate oligosac- 
charide masses of 2,205.9, 740.2, and 1,466.1, respectively. Only 
the candidate mass of 2,205.9 corresponds closely to a typical 
mammalian oligosaccharide structure, namely a bisialobiantennary 
structure (in-chain mass 2,206.0). This was the method of choice 
for interpretation of mass spectra when the identity of the tryptic 
peptide was known from sequence analysis (i.e., 944.0  for the 
above example). However, interpretation of mass spectra often 
preceded sequence analysis and also involved the following alter- 
native approach. Subtracting the in-chain masses of typical bi-, tri-, 
and tetraantennary N-linked carbohydrates with and without NeuAc 
from the determined masses of the glycopeptides yields candi- 
date masses for the peptide portion. For example, by subtract- 
ing 2,206.0 [for the bisialobiantennary glycoform (NeuAc-Hex- 
He~NAc)~Hex~HexNAc~l  and 2,862.6 [for the trisialotriantennary 
glycoform (NeuAc-Hex-HexNAc)3Hex3HexNAc2] from the gly- 
copeptide of mass 3,149.9, candidate masses of 943.9 and 287.3, 
respectively, are obtained for the peptide portion of the glycopep- 
tide. Only the  peptide mass of 943.9 corresponds closely to one of 
the expected N-linked tryptic glycopeptides, and Edman degrada- 
tion subsequently confirmed that this peptide encompasses /3 sub- 
unit residues 63-70 (Tables 2, 4). In this example, carbohydrate 
must be attached at Asn 64 based on ( 1 )  the presence of a single 
N-linked consensus-site; (2) the absence of a PTH amino acid in 
cycle 2 of Edman degradation; (3) the presence of PTH-Ser and 
PTH-Thr in Edman cycles 3 and 4 (eliminating 0-glycosylation); 
and (4)  despite no identifiable signal in Edman cycle  6, carboxy- 
amidomethyl Cys was present based on the mass of the peptide and 
the gene predicted sequence. The carbohydrate portion of the gly- 
copeptide with observed mass 3,149.9 has a molecular mass con- 
sistent with that of a biantennary oligosaccharide with two NeuAc 
(i.e., type 2, in-chain mass 2,206.0); the glycopeptide with ob- 
served mass 2,858.6 (Fig. 6A) exhibits a mass consistent with a 
biantennary oligosaccharide with only one NeuAc (i.e., type 1 ,  
in-chain mass 1,914.8). Based on ESMS ion intensities, the rela- 
tive amounts of these  two oligosaccharides at site p W N  (in this 
particular clusterin preparation) are about 15% type 1 and 85% 
type 2, calculated as described in Materials and methods. 

Seven different possible complex oligosaccharide structures were 
identified by mass and the relative amounts at each clusterin gly- 
cosylation site estimated by ESMS ion intensity. These results are 
summarized in Table 5. All attachment sites except P'N were 
found to exhibit at least three oligosaccharides, namely bisialobi- 
antennary structures without fucose (type 2, mass 2,206.0) and 
trisialotriantennary structures without fucose  (type  4, mass 2,862.6) 
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Table 3. Peptides identified by LC-ESMS from the clusterin a subunita 

Retention 
time Calculated Observed Error 

Residues (min) mass mass (Da) Sequence 

1-18 
19-22 
23-35 
36-40 
41-45 
41-46 
41-56 
46-56 
47-57 
46-57 
47-56 
57-67 
57-67 
57-67 
57-72 
57-72 
58-67 
58-67 
58-67 
58-72 
58-72 
58-72 
60-67 
68-72 
73-96 
3-96 
73-96 
97-101 
97-105 
102-1 05 
106-108 
109-1 16 
117-128 
117-128 
117-128 
129-136 
137-160 
146-160 
161-172 
173-176 
177-1 92 
193-205 

44.7 
25.5 
55.9 
37.0 
11.5 
13.0 
45.6 
52.9 
53.5 
51.5 
55.0 
33.1 
33.1 
33.1 
34.1 
34.1 
33.1 
33.1 
33.1 
34.1 
34.1 
34.1 
33.1 

8.7 
57.3 
57.3 
57.3 
27.0 
37.0 
35.0 
14.0 
35.0 
54.0 
54.0 
54.0 
54.0 
57.3 
52.9 
63.8 
40.6 
65.2 
73.6 

2,008.9 
522.3 

1,439.8 
602.4 
647.3 
775.4 

1,874.0 
1,244.7 
1,244.7 
1,372.8 
1,116.6 
1.33  1.5av 
1,331.5av 
1,331.5av 
1,906.1 av 
1,906.lav 
1,203.3av 
1,203.3av 
1.203.3av 
1,777.9av 
1,777.9av 
1,777.9av 

947.0av 
592.3 

2,937.5av 
2,937.5av 
2,937.5av 

666.3 
1,203.6 

555.3 
433.2 
73 1.4 

1,438.6av 
1,438.6av 
1,438.6av 
1,087.5 
2,929.2av 
1,871.8 
1,392.7 

569.3 
1,999.0 
1.686.0 

2,008.4 
522.4 

1,439.5 
602.4 
641.4 
775.6 

1,873.8 
1,244.3 
1,244.9 
1,372.8 
1,116.8 
3,537.8 
4,193.9 
4,340.1 
4,768.5 
4,914.6 
3,409.0 
4,065.4 
4,211.8 
3,984.0 
4,640.1 
4,786.5 
3,956.0 

592.4 
5,143.5 
5,800.0 
5,946.6 

666.4 
1,203.8 

555.4 
433.1 
731.6 

3,644.8 
4,300.8 
4,446.9 
1,087.6 
2,929.6 
1,871.7 
1,393.0 

569.6 
1,999.2 
1.686.0 

0.5 DQTVSDNELQEMSNQGSK)Y 
0.1 * K(YVNK)E 
0.3 KLEIQNAVNGVKQ1K)T 
0 K(TLIEK)T 
0.1 * K(TNEER)K 
0.2 * K(TNEERK)T 
0.2 * K(TNEERKTLLSNLEEAK)K 
0.4 * R(KTLLSNLEEAK)K 
0.2 * K(TLLSNLEEAKK)K 
0 * R(KTLLSNLEEAKK)K 
0.2 K(TLLSNLEEAK)K 
G K(KKKEDALNETR)E 
G K(KKKEDALNETR)E 
G K(KKKEDALNETR)E 
G K(KKKEDALNETRESETK)L 
G K(KKKEDALNETRESETK)L 
G K(KKEDALNETR)E 
G K(KKEDALNETR)E 
G K(KKEDALNETR)E 
G * K(KKEDALNETRESETK)L 
G * K(KKEDALNETRESETK)L 
G * K(KKEDALNETRESETK)L 
G K(EDALNETR)E 

0.1 R(ESETK)L 
G K(LKELPGVCNETMMALWEECKPCLK)Q 
G K(LKELPGVCNETMMALWEECKPCLK)Q 
G K(LKELPGVCNETMMALWEECKF’CLK)Q 

0.1 K(QTCMK)F 
0.2 K(QTCMKFYAR)V 
0.1 * K(FYAR)V 
0.1 * R(VCR)S 
0.2 * R(SGSGLVGR)Q 
G * R(QLEEFLNQSSPF)Y 
G * R(QLEEFLNQSSPF)Y 
G * R(QLEEFLNQSSPF)Y 

0.1 * F(YFWMNGDR)I 
0.4 R(1DSLLENDRQQTHMLDVMQDHFSR)A 
0.1 R(QQTHMLDVMQDHFSR)A 
0.3 R(ASS1IDELFQDR)F 
0.3 R(FFTR)E 
0.2 R(EPQDTYHYLPFSLPHR)R 
0 R(RPHFFFPKSRIVR 

aClusterin peptides identified by LS ESMS  in Figure 3A  and B are listed by subunit, residues, total 
ion current retention time, calculated and observed masses, and amino acid sequences. Calculated masses 
are monoisotopic values unless indicated as chemical average masses (av). Error refers to the difference 
between the observed and calculated masses. G denotes a glycopeptide, an asterisk (*) indicates that the 
NH2-terminal assignment is supported by Edman sequence analysis and the symbols ( ( 3 )  denote the 
proteolytic cleavage sites. Mass spectra for all listed peptides are available in Figure 5 or the Electronic 
Appendix. 

and with fucose  (type 5, mass 3,008.8). At site PWN, only a mono- 
sialobiantennary structure  (type 1, mass 1,914.8) and a bisialobi- 
antennary structure (type 2) were detected. A type 1 structure was 
also detected at  site PLZ7N. Five or six oligosaccharide structures 
were  found  at  site P I4’N, including the  above three common types, 
a bisialobiantennary structure with one fucose (type 3, mass 2,352.2) 
and possibly a trisialotriantennary with two  fucose  (type 6, mass 
3,154.9) that could  have a sialyl Lewis  type structure for one of the 

arms of the carbohydrate and/or possibly a tetrasialotriantennary 
structure (type 7, mass 3,153.9). The current analyses do not allow 
distinction between type 6 and type 7 oligosaccharides. Overall, 
the  type 2 oligosaccharide structure was found to be most abundant 
and the type 1, 6, and/or 7 structures the least abundant. Relative 
amounts of glycoforms in Table 5 are approximations without 
adjustment for partial glycosylation site occupancy and should be 
regarded as semiquantitative estimates only, because strict quan- 
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Table 4. Peptides  identified by LC-ESMS from the clusterin p subunita 

Residues 

1-13 
14-49 
50-55 
56-59 
63-70 
63-70 
7 1-77 
80-95 
96-98 
98-109 
99-1 09 
110-1 13 
114-1  19 
120-1 24 
125-1 39 
125-144 
125-144 
125-144 
145-155 
145-155 
145-156 
145-158 
145-158 
145-1 8 1 
159-181 
182-198 
199-2 I O  
203-2 I O  
211-216 
211-217 
2 18-222 
2 19-222 

Retention 

- 

time 
(min) 

53.5 
59.0 
10.6 
19.2 
33.4 
33.4 
31.6 
38.9 
32.3 
57.4 
39.8 
38.9 
36.2 
38.1 
51.0 
54.4 
54.4 
54.4 
38.0 
38.0 
39.3 
41.1 
41.1 
57.9 
41.1 
47.6 
38.1 
38.0 
39.5 
39.3 
15.9 
13.0 

Calculated Observed Error 
mass mass (Da) Sequence 

1,540.7 
4,317.9av 

705.3 
534.3 
944.0av 
944.av 
923.4 

1,761.8 
443.3 

1,443.7 
1,287.6 

5 16.3 
778.4 
710.3 

1,767.0av 
2,409.7av 
2,409.7av 
2,409.7av 
1,25 1.3av 
I ,25 1.3av 
1,414.5av 
1,683.8av 
1,683.8av 
3,980.3av 
2,314.5av 
1,873.0 
1,420.7 

953.5 
778.4 
906.6 
697.4 
569.3 

1,541.0 
4,318.2 

705.6 
534.4 

2,858.6 
3,149.9 

923.6 
1,761.9 

443.4 
1,443.8 
1,288.0 

5 16.4 
778.6 
710.4 

3,972.8 
4,324.1 
4,615.5 
5,271.9 
34,562 
4,259.8 
3,620.2 
3,889.5 
4,035.5 
3,980.4 
2,314.2 
1,873.2 
1,421.0 

953.6 
778.6 
906.8 
697.6 
569.6 

0.3 
0.3 
0.3 
0.1 
G 
G 

0.2 
0.1 
0.1 
0.1 
0.4 
0. I 
0.2 
0. I 
G 
G 
G 
G 
G 
G 
G 
C 
G 
0.1 
0.3 
0.2 
0.3 
0.1 
0.2 
0.2 
0.2 
0.3 

R(SLMPFSPYEPLNF)H 
* F(HAMFQPFLEMIHEAQQAMD1HFHSPAFQHPPTEFIR)E 
* R(EGDDDR)T 

* R(HNSTGCLR)M 
* R(HNSTGCLR)M 
* R(MKDQCDK)C 

* K(LRR)E 

R(TVCR)E 

R(E1LSVDCSTNNPSQAK)L 

R(RELDESLQVAER)L 
R(ELDESLQVAER)L 
R(LTRK)Y 
K(YNELLK)S 

* K(SYQWK)M 
* K(MLNTSSLLEQLNEQF)N 
* K(MLNTSSLLEQLNEQFNWVSR)L 
* K(MLNTSSLLEQLNEQFNWvSR)L 
* K(MLNTSSLLEQLNEQFNWVSR)L 
* R(LANLTQGEDQY)Y 
* R(LANLTQGEDQY)Y 
* R(LANLTQGEDQYY)L 
* R(LANLTQGEDQYYLR)V 
* R(LANLTQGEDQYYLR)V 
R(LANLTQGEDQYYLRVTTVASHTSDSDVPSGVTEVVVK)L 
R(VTTVASHTSDSDVPSGVTEVVVK)L 
K(LFDSDP1TVTVPVEVSR)K 
R(KNPKFMETVAEK)A 

* K(FMETVAEK)A 
* K(ALQEYR)A 
* K)(ALQEYRK)K 

* K(HREE 
K(KHREE 

"Clusterin peptides identified by LC-ESMS in Figure 3C and D are listed by subunit, residues, total ion current retention time, 
calculated and observed masses, and amino acid sequences. Calculated masses are monoisotopic values unless indicated as chemical 
average masses (av). Error refers to the difference between the observed and calculated masses. G denotes a glycopeptide, an asterisk 
(*) indicates that  the NHz-terminal assignment is supported by Edman sequence analysis and the symbols ((J) denote the proteolytic 
cleavage sites. Mass spectra for all listed peptides are available in Figure 6 or the Electronic Appendix. 

titation by MS without internal standards is not possible due to 
suppression effects, surface effects, charge state effects, and dif- 
ferences in ionization/desorption efficiencies among the various 
glycoforms present. 

Discussion 

Proof of six N-linked glycosylation sites in human serum clusterin 
and the identity of complex-type oligosaccharide structures at each 
attachment site  was  derived from Edman sequence and LC-ESMS 
analyses of clusterin tryptic peptides. Direct mass spectral analyses 
of glycopeptides provided the identity of three (Y subunit glyco- 
sylation sites  (64N, 'IN, and 123N) and  three p subunit glycosyl- 
ation sites (@N, Iz7N, and  147N). An earlier report inferred that 
these sites were glycosylated based upon sequence motif and the 
absence of phenylthiohydantoin  asparagine  in  amino acid se- 
quence analyses (Kirszbaum et al., 1992). The present study ana- 
lyzed three different preparations of clusterin (including two sets 

of tryptic peptides from holoclusterin and  one set from each of the 
isolated subunits) and found no evidence  for any other attachment 
sites than the six N-linked glycosylation sites. The molecular weights 
of holoclusterin and the LY and p subunits were determined by mass 
spectrometry, and the combined MALDI-TOF MS and ESMS anal- 
yses demonstrate mass heterogeneity due  to variable amounts of 
glycosylation. These results highlight the sensitivity and efficacy 
of mass spectrometry in the microcharacterization of posttrans- 
lationally modified proteins. However, structural information of 
clusterin was limited by the relatively poor capability of mass 
spectrometry to resolve large molecules differing slightly in mass. 
Neither the extent of glycosylation heterogeneity nor  its origins 
could be ascertained until clusterin was cleaved to peptides of 
smaller size (S7.000 Da), where the accuracy and resolution of 
ESMS permitted single-dalton differences to be readily deter- 
mined. On average, the deviation between calculated and observed 
masses in these ESMS measurements is less than 0.3 Da. Although 
very small  peptides (di- and some tri-peptides) were below the full- 



Structural analysis of clusterin glycosylation 2127 

Clusterin a Subunit 

D Q T V S D N E L Q   E M S N Q G S K Y V   N K E I Q N A V N G   V K Q I K T L I E K  40 

T N E E R K T L L S   N L E , E A K K K K E   D A L ' N E T R E S E   T K L K E L P G V C  80 

N E T M M A L W E E   C K P C L K Q T C M - K F Y A R V C R S G   S G L V G R Q L E E  120 

F L N Q S S P F Y F  W M N G D R I D S L  L E N D R Q Q T H M   L D V M Q D H F S R  160 

A S S I I D E L F Q  D R F F T R E P Q D  T Y H Y L P F S L P  H R R P H F F F P K  200 

S R I V R  2 0 5  

Clusterin p Subunit 

S L M P F S P Y E P  L N F H A M F Q P F   L E M I H E A Q Q A   M D I H F H S P A F  40 

Q H P P T E F I R E   G D D D R T V C R E   I R H N S T G C L R   M K D Q C D K C R E  80 

I L S V D C S T N N   P S Q A K L R R E L   D E S L Q V A E R L   T R K Y N E L L K S  12 0 

Y Q W K M L N T S S   L L E Q L N E Q F N   W V S R L A N L T Q   G E D Q Y Y L R V T  160 

T V A S H T S D S D  V P S G V T E V V V  K L F D S D P I T V  T V P V E V S R K N  200 

P K F M E T V A E K   A L Q E Y R K K H R   E E  222 

Fig. 4. Primary structure of the human clusterin a and p subunits. Amino acid sequences of the human clusterin subunits (Wong et al., 
1994) are shown with identified asparagine carbohydrate attachment sites indicated in bold. More than 99% of the sequence was 
identified by peptide mass analysis, as summarized in Tables 3 and 4. 

scan mass range used in the study, Edman degradation provided iden- 
tification of many peptides. By using the combined MS and Edman 
approaches, essentially complete coverage of the 427-residue pro- 
tein was obtained. 

Carbohydrate heterogeneity 

The total mass of carbohydrate attached to human serum holoclus- 
terin was estimated to be 8.4-13.4 kDa or 17-27%  by weight 
based upon MALDI-TOF MS measurements (Fig. 2A). Some non- 
glycosylated (Y subunit (24.2 kDa) was detected (Fig. 2B), but 
a-subunit species with about 2.2 and 7.1 kDa carbohydrate (9- 
30% by weight) appear more abundant. Completely nonglycosyl- 
ated &subunit was not found (Fig. 2C) and LC-ESMS demonstrated 
multiple /3 subunit species exist with about 6.9-7.7 kDa carbohy- 
drate (27-30% by weight). The total carbohydrate mass estimated 
from the isolated subunits (8.6-14.8 kDa) is in reasonable agree- 
ment with that determined for the holoprotein (8.4-13.4 m a ) .  
Although different oligosaccharide structures can occur at each 
site, if all six glycosylation sites exhibited the potentially common 
bisialobiantennary structure (type 2, mass 2,206), the total holo- 
protein mass due  to carbohydrate would be 13.2 kDa, a value in 
agreement with the above-determined range. 

Some of the N-linked attachment sites in human serum clusterin 
are only partially occupied by oligosaccharide. The  lower molec- 
ular weight values observed by MALDI-TOF MS for holoclusterin 
and  the subunits (Fig.  2)  and the lack of detection of every  gly- 
cosylation site  in each LC-ESMS analysis support this conclusion. 
Partial glycosylation appears to be more prevalent on the (Y subunit 

than the p subunit and perhaps 20% of the a subunit population 
may at times have no attached carbohydrate, as suggested by the 
MALDI-TOF results from holoclusterin preparation 2 (Fig. 2). 
Nonglycosylated peptides were found for each of the a-subunit 
glycosylation sites in this clusterin preparation (Suppl. Table 2). 
The relative abundancy of nonglycosylated species in the  other 
clusterin preparations used for LC-ESMS in Figure 3 and Supple- 
mentary Figure 1 was not estimated by MALDI-TOF MS. Notably, 
the only evidence found for partial glycosylation of the p subunit 
(peptide residues 145-181, Table 4) was at site pI4'N, which also 
exhibits the greatest diversity in attached glycoforms. The ob- 
served oligosaccharide heterogeneity is associated in part with the 
fact that different clusterin preparations were utilized in the study. 
Although serum from a single individual was used throughout the 
study, blood was drawn at three different times over the course of 
18 months for clusterin purification and characterization. 

Notably, no 0-linked glycosylation was detected, supporting an 
earlier report based on glycosidase experiments (Burkey et al., 
1991). The NetOglyc computer program (Hansen et al., 1995) 
predicts that f l  chain residues I6OT, I6'T, 166T, and 173S are likely 
to be glycosylated, however, we consistently detected a tryptic 
peptide containing all of these residues as an unmodified peptide 
@ subunit residues 159-181 in Table 4 and Suppl. Tables 1 and 2). 
Furthermore, each LC-ESMS  data set containing the p subunit 
was computer extracted for ions that would be generated if p 
peptide 159-1 81 was glycosylated on Ser and/or  Thr  [for  example, 
with (NeuAc),(HexHexNAc),, where n = 0, 1, 2, 3, or 4 and 
m = 0, 1, 2, 4, 8, or 121; only the nonglycosylated peptide was 
identified. 
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Peptide 
A 
B 
C 
D 
E 
F 
G 

Molecular 
Weight 

Glycopeptide  Peptide CHO struclure 
3956.0 947.0- 3009.0 5 
3409.0  120?.3~ 2205.7 2 

4211.8 ' 3008.5 5 
4065.4 2862.1 4 

3537.8 1331.5~ 2206.3 2 
4103.9 ' 2862.4 4 
4340.1 * 3008.6 5 

CHO 
residues site 
Peptide 

60-67 a64N 
58;67 
.. ~. 

57-67 

- .  
1000 w o o  14-00  1600 rioo 20-00 

35000 

30000 

25000 Molecular 

Q 20000 Welght CHO Peptide  Attachment 

2 15000 
Peptide  Giycapeptide  Peptide CHO structure  residues site 

- A 5143.5 293z.5- 2206.0 2 73:96 aOl N 
B 5800.0  2862.5 4 
C 5946.6 ' 3009.1 5 10000 

5000 

0 
loo0 1200 1400 1600 rim 2000 

Mdecular 
Weight CHO Peptide 

Peptide  Glycopeptide  Peptide CHO sructure residues site 
A 400.8 2862.2 4 117:128 a 123N 
B 4446.9 3008.3 5 
C 3644.8 ' 2206.2 2 

1100 1300 1500  1700 1900 21 00 
mlz 

Fig. 5. Electrospray mass spectra of glycopeptides from clusterin cx subunit. Glycopeptide mass spectra from the cx subunit are presented 
by N-linked attachment site and retention time (rt) (from LC-ESMS, Fig. 3B). Glycopeptide m/z charge series are labeled by letter and 
positive charge (e.g., A2,  A3,  B2,  B3, etc.). Unlabeled peaks correspond to co-eluting peptides. Measured glycopeptide masses as well as 
calculated peptide and oligosaccharide masses (CHO) are indicated in tabular form next to  the relevant spectra. Based on  the calculated 
oligosaccharide mass, the determined CHO structure is indicated by arbitrary type number where type 2 = bisialobiantennary, type 4 = 
trisialotriantennary, and type 5 = trisialotriantennary with one fucose. In-chain masses and structures of clusterin oligosaccharides are 
defined by type and summarized in Table 5.  A: cxMN, rt = 33 min. B: a* 'N,  rt = 57-59 min. C: alz3N, rt = 54 min. 

Oligosaccharide structures of human serum clusterin 

Seven different possible complex types of oligosaccharide struc- 
tures were identified and  the relative amounts  at each glycosyla- 
tion site  were estimated (Table 5).  These structures are based on 
compositions derived from the determined molecular masses of the 
oligosaccharides and analogy to what is known about N-linked 
carbohydrates produced in mammalian cells. Three types of oli- 
gosaccharide structures were common to glycosylation sites aWN,  
a8'N, CI**~N, pIz7N,  and plZ7N, namely bisialobiantennary struc- 
tures without fucose and trisialotriantennary structures with one 
fucose or without fucose. Approximately equal  amounts of types 2, 
4, and 5 oligosaccharide structures were found  at sites a W N  and 
a8'N, whereas the distribution of oligosaccharide structures at the 
other four glycosylation sites appear to exhibit more variability. 
Glycosylation sites paN and pIz7N were  the only sites where a 
monosialobiantennary structure was detected and /?"N exhibits 
the least apparent oligosaccharide diversity. Glycosylation site /3147N 
was the only site where a bisialobiantennary structure with one 
fucose (type 3), a possible sialyl Lewis type oligosaccharide (type 
6), and/or a possible tetrasialotriantennary structure (type 7) were 

identified. Site /3'47N exhibits  the greatest glycosylation diversity, 
with five or six different oligosaccharides detected, and may play 
a special role in modulating clusterin biological activity. 

The seven possible glycoforms listed in Table 5 appear to be the 
predominant oligosaccharide structures covalently associated with 
human serum clusterin, with type 2 structures the most abundant 
and types 1, 6, and/or 7 the least abundant. However, the carbo- 
hydrate content  and attachment site occupancy also appears to 
fluctuate with protein preparation and other clusterin-bound oligo- 
saccharides may be found in other preparations. The relative amounts 
of glycoforms listed in Table 5 reflect the approximate attachment 
site-specific distribution of oligosaccharides among those detected 
without adjustment for partial occupancy. It is important to em- 
phasize that MS can only be used to provide an estimate of the 
relative amounts of glycoforms, and considerable caution must be 
exercised in deriving and using these values (see Roberts et al., 1995). 
Because serum clusterin represents the reservoir of clusterin syn- 
thesized in a number of tissues (including but not limited to liver, 
kidney, lung,  and heart), it is possible that specific oligosaccharide 
structures may be found associated with clusterin depending upon 
tissue source, physiological status, disease state, and species. 
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Fig. 6. Electrospray mass spectra of glycopeptides from clusterin p subunit. Glycopeptide mass spectra from the p subunit are 
presented by N-linked attachment site and retention time (rt) (from LC-ESMS in Fig. 3C.D). A: PaN, rt = 33 min. B: pIz7N, rt = 
51-55 min. C: p147N, rt = 38-41 min. Abbreviation and labels are as in Figure 5 .  The in-chain masses and structures of clusterin 
oligosaccharides are defined by type and summarized in Table 5. 

150000 
e3 A 

1539s 

100000 
.- E -1 
C - 
- 50000 

0 
1000  1200 1400 1600 1800 2000 2200 

60000 

45000 .* 
E 30000 g - 

lso00 

0 

1 
1157.8 

973.2 1174.0 

1010.0 

1000 1200 

5 

1565.0 
03 

1 400 1600  1800 
ml2 

Molecular 
Weight CHO Peptide Attachment 

Peplide  Glycopeptide  Peptide CHO Structure residues site 
A 4325.0 2409.7- 1915.3 1 125;144 P1f7N 
B 4616.0  2206.3  2 , 
C 5272.5 ’ 2862.8 4 . 
D 5418.6 . 3008.9  5 

Molecular 
Weight 

Peptide  Glycopeptide  Peptide CHO structure  residues ’Ite 
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B 4035.6 
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D 4692.0 ’ 3008.2 5 
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Fig. 7. Electrospray mass spectra of glycopeptides from holoclusterin. Glycopeptide mass spectra from two holoclusterin LC-ESMS 
analyses are presented by N-linked attachment site and retention time (rt). A: pIZ7N, rt = 85 min (Suppl. Fig. 1). B: p147N, rt = 27 min 
(Suppl. Fig. 2). Abbreviations and labels are  as in Figure 5 .  The in-chain masses and structures of clusterin oligosaccharides are defined 
by type and summarized in Table 5. 
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Table 5. Summary of clusterin oligosaccharide structuresa 

Relative 
amount Clusterin Attachment 

subunit site Type (%a) Oligosaccharide structure 

a Subunit @N 2 30 
4 

Bisialobiantennary 

5 40 
8’N 2 33 

Trisialotriantennary with one fucose 
Bisialobiantennary 

4 29 
5 

Trisialotriantennary 
38 Trisialotriantennary with one fucose 

30 Trisialotriantennary 

1 2 3 ~  2 65 Bisialobiantennary 
4 16 Trisialotriantennary 
5 19 Trisialotriantennary with one fucose 

B Subunit @N 

1 2 7 ~  

1 
2 
1 
2 
4 
5 
2 
3 
4 
5 
6 
7 

15 
85 
4 

68 
24 
4 

44 
12 
17 
24 

3 

Monosialobiantennary 
Bisialobiantennary 
Monosialobiantennary 
Bisialobiantennary 
Trisialotriantennary 
Trisialotriantennary with one fucose 
Bisialobiantennary 
Bisialobiantennary with one fucose 
Trisialotriantennary 
Trisialotriantennary with one fucose 
Trisialotriantennary with two fucoses or 
Tetrasialotriantennary 

aOligosaccharide structures identified at each N-linked attachment site are listed. Approximate relative 
amount of glycoforms per attachment site was estimated as described in Materials and methods. All a subunit 
oligosaccharide amounts were estimated from Figure 5 (a@N quantification was from residues 57 to 67); relative 
amounts for p subunit oligosaccharides were estimated from Figure 6A (PHN), Figure 7A (P’27N), and Fig- 
ure 7B (Pl4’N). Oligosaccharide in-chain chemical average masses and structures: Type 1, 1,914.8 [NeuAc(Hex- 
HexNAc)2Hex3HexNAc2]; Type 2, 2,206.0 [(NeuAc-Hex-HexNAc)~Hex3HexNAc~]; Type 3, 2,352.2 [(NeuAc- 
He~-HexNAc)2Hex3HexNAc2(dHex)]; Type 4,2,862.6 [(NeuAc-Hex-HexNAc)3Hex3HexNAc2]; Type 5.3.008.8 
[(NeuAc-Hex-HexNAc)3Hex3HexNAc~(dHex)]; and Type 6, 3,154.9 [(NeuAc-Hex-HexNAc)~Hex3HexNAc~ 
(dHexz)] or Type 7, 3,153.9 [(NeuAc)4(He~-HexNAc)~Hex~HexNAc~]. 

Prior to this study, the oligosaccharides associated with rat Ser- 
toli cell clusterin were the best characterized. Using methanolysis 
and gas chromatography, Griswold et al. (1986) reported the pro- 
tein exhibits about 24% carbohydrate by weight, consisting of 1 % 
fucose, 3.5% mannose, 4.1 % galactose, 7.1% N-acetylglucosamine, 
and 8.0% N-acetylneuraminic acid, and proposed triantennary struc- 
tures similar to fetuin. In addition, sulfate was found associated 
with the oligosaccharide, hence the acronym sulfated glycopro- 
tein 2. We probed human serum clusterin samples by LC-ESMS 
for the presence of sulfate  and found no  evidence of sulfated 
oligosaccharide. If sulfate  is present on human serum clusterin, it 
is present in  trace amounts below the detection limits of the pres- 
ent analysis. Sulfation processes are prevalent in testicular tissue 
(particularly Sertoli cells) and sulfation of clusterin may be re- 
stricted to this tissue. Characterization of clusterin from testis 
rather than serum could enhance the likelihood of detecting sul- 
fated oligosaccharide. 

Clusterin has been associated with diverse physiological pro- 
cesses and is up regulated in response to various cellular stress and 
pathological conditions. Notably, the clusterin transcript and pro- 
tein have been detected at low levels in normal brain, and at 
markedly elevated levels in patients with neurodegenerative dis- 
eases such as Alzheimer’s, epilepsy, and retinitis pigmentosa (Wong 
et al., 1994). It is also expressed in a number of glandular tissues 
and tumors that undergo apoptosis in response to hormone ablation 

(Wong et  al.,  1994) and response to acute inflammatory stimuli 
(Hardardottir  et al., 1994). Given these responses to cellular stress, 
the glycosylation state of clusterin likely plays a significant role in 
its biological activity. For example,  the presence or absence of 
specific oligosaccharides (e.g., a sialyl Lewis type structure) at a 
given attachment site may influence intracellular or extracellular 
targeting of clusterin in different physiological conditions. Evalu- 
ating the role of glycosylation in clusterin biological function is 
particularly challenging because the function of the protein re- 
mains poorly defined. As an approach to determining the physio- 
logical role of clusterin glycosylation and whether variations in 
clusterin glycosylation are tissue specific, we have constructed a 
series of expression vectors containing human clusterin mutants 
lacking from  one to five of the six glycosylation sites. These vec- 
tors will be used in transfections to compare mutant and wild-type 
clusterin expression in select cell lines (e.g., kidney, liver, prostate, 
mammary, and neural). Subsequent analysis of oligosaccharide 
structures by mass spectrometry will provide insights into how 
each cell type modifies clusterin in a specific fashion. In addition, 
recombinant mutant and wild-type clusterin will be produced in 
yeast and tested for binding to various natural and synthetic 
membrane fractions and cell types. Correlation of recombinant 
protein oligosaccharide structures with membrane-binding prop- 
erties will provide insight into how clusterin elicits the cluster- 
ing of cells and proposed functions of the protein. The present 
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study provides a firm molecular basis for these investigations 
and for relating specific clusterin glycosylation states with phys- 
iological function. 

Materials  and methods 

Immunoafinity purification of human serum clusterin 

Clusterin was purified from human plasma by inmunoaffinity chro- 
matography using CNBr-activated Sepharose 4B with attached 
mouse monoclonal antibody G7  to human serum clusterin (Wilson 
& Easterbrook-Smith, 1992). The affinity matrix was a generous 
gift of Dr. Mark Wilson (Department of Biological Sciences, Uni- 
versity of Wollongong, New South Wales, Australia). Plasma used 
for protein purification was obtained from one individual, a healthy 
32 year-old male  (blood  type O + )  and co-author (J.L.). Blood was 
drawn at different times during the study; however, protein was 
purified and characterized from plasma recovered from individual 
bleeds. Briefly, blood (-140 mL) was drawn in  syringes contain- 
ing 0.5  mL of 0.2 M EDTA, pH 7.4  (5 mM EDTA final concen- 
tration), and centrifuged at  2,500 rpm/lO min at room temperature 
in a table-top IEC  Centra 8R centrifuge. Protease inhibitors (benz- 
amidine  and  PMSF;  Sigma) were added (1 mM each) to the recov- 
ered plasma (-70 mL) and  the preparation re-centrifuged in 30-mL 
Corex tubes coated with Gel  SlickTM (AT Biochem) at 10,000 rpm 
for  15 min at 4 "C in a JA-17 rotor in a Beckman J6B centrifuge. 
The supernatant was diluted with one volume of cold PBS contain- 
ing 0.5 M NaCI, 5 mM EDTA, pH 7.4 (high salt PBSE),  and benz- 
amidine, and PMSF added to 1 mM. Diluted plasma was applied to 
a column of the affinity matrix (2-mL bed volume) equilibrated with 
high-salt PBSE at 4 "C. The column was washed with high-salt PBSE 
at a flow rate of 0.5 mL/min until the 280-nm absorbance stabilized 
and was then washed successively with low-salt PBSE (PBS con- 
taining 5 mM EDTA), low-salt PBSE containing 0.5% Triton X-100, 
and low-salt PBSE to remove detergent. Clusterin was eluted with 
0.2 M glycine-HCl, pH 2.7, and fractions (2 mL) collected in tubes 
containing 150 p L  of 2 M Tris-HCI, pH 8.0 (at 22"C),  and mixed 
immediately to neutralize the pH. Clusterin-containing fractions were 
identified by 280-nm absorbance,  pooled,  concentrated,  and dia- 
lyzed 3X against IO-fold dilutions of PBS  in a CM-30 ultrafiltra- 
tion unit (Amicon) at 4 "C. Following concentration and dialysis, 
about 2 mg of clusterin was typically recovered in about 250 p L  as 
determined by amino acid analysis. 

Alkylation, fragmentation, and RP-HPLC purification 

Immunoaffhity-purified human serum clusterin was reduced with 
dithiothreitol and alkylated with iodoacetamide in the presence of 
8 M urea, 200 mM ammonium bicarbonate, pH 8 (Stone et al., 1990), 
then digested with trypsin in 2 M urea or fractionated by RP-HPLC 
to isolate  the  intact a and p subunits. Alternatively, immunoaffhity 
purified clusterin was subjected to RP-HPLC purification without 
reduction and alkylation to obtain a desalted holoprotein sample ap- 
propriate for  MALDI-TOF MS. Tryptic digestion of the isolated a 
and p subunits  was performed as for  the holoprotein (5% trypsin by 
weight, overnight at 37 "C). Tryptic digests and  intact protein sam- 
ples (5 -500 pmol or -20 p g  protein) were fractionated by RP- 
HPLC  (Crabb  et al., 1988)  at a flow rate of 50 pL/min on 5-p  Vydac 
C4 or C18 microbore columns  (1 X 250 mm) using aqueous 
acetonitrile/trifluoroacetic acid solvents  and  either an Applied Bio- 
systems model 120 HPLC  system  equipped with a 75-pL dynamic 
mixer or a Beckman Gold  HPLC system. 

MALDI-TOF MS 

About 5 pmol clusterin samples were analyzed by MALDI-TOF 
MS using a VG TofSpec laser  desorption  mass  spectrometer. 
RP-HPLC-purified holoclusterin and the isolated a and p subunit 
samples in  aqueous TFA/acetonitrile solvent were prepared for 
MALDI-TOF MS analysis by mixing 1 p L  of approximately 10 
pmol/mL glycoprotein with 1 p L  of matrix (3,5-dihydroxybenzoic 
acid, 10 mg/mL in 50% ethanol or sinapinic acid, 10 mg/mL,  in 
25% ethanol, 25% acetonitrile) directly on  the stainless steel target. 
Laser desorption/ionization mass spectra were acquired with a 
laser energy setting of 50% and an acceleration voltage of 25 kV, 
each spectrum was the sum of at least 50 laser shots. Bovine  serum 
albumin (M, 66,430 kDa) and bovine carbonic anhydrase (M, 29,022 
kDa) were used to calibrate the  MALDI-TOF MS instrument. 

ESMS 

ESMS  and LC-ESMS were performed with either a PE Sciex API 
300 or a PE Sciex API 111 triple quadrupole mass spectrometer 
fitted with articulated ionspray plenums and atmospheric pressure 
ionization sources. Glycopeptides were detected selectively by 
LC-ESMS based on diagnostic sugar oxonium ions  HexNAcf 
(produced by GalNAc or GlcNAc, m/z 204), HexNAc+-(H20)2 
(m/z 168), NeuAc (N-acetylneuraminic acid, m/z 292), and Hex- 
HexNAc+  (produced by Gal-GlcNAc, Man-GlcNAc, Gal-GalNAc, 
etc. m/z 366). The abundance of these low-mass marker ions in 
electrospray mass spectra was enhanced by collision-induced de- 
composition of the parent ions. This  was accomplished by stepping 
the potential, which controls the extent of collision-induced de- 
composition of source-produced ions  from a high voltage, to max- 
imize fragment-ion production during acquisition of low m/z ions, 
to a lower voltage to yield intact ionized molecules during the 
remainder of the scan (Cam et al., 1993; Huddleston et al., 1993). 
In this way, both intact parent ions and abundant marker ions were 
observed in the same m/z scan. Carbohydrate marker ions at m/z 
168  and/or m/z 204,292, and 366 (dwell time, 100  ms  each) were 
monitored in positive ion mode, at high orifice potential (90 V for 
the API 300 and 140 V for  the API 111). Full scans at m/z 475- 
1,925 or 400-2,400 (0.25 amu steps, scan time 6 s) were then 
acquired at a lower orifice potential (35 V with the API 300 and 
65V with the API In). A bovine fetuin tryptic digest was infused 
into the mass spectrometer at 5 pL/min for optimizing the sensi- 
tivity of the carbohydrate marker ions. For LC-ESMS, the HPLC 
eluant was split, with 30-45% going to the mass spectrometer and 
the remainder collected in 1-min fractions. Portions of select LC- 
ESMS glycopeptide fractions were dried, resuspended in 0.2-5% 
formic acid, 50% methanol, and re-analyzed by infusion at 5 pL/ 
min to confirm observed masses. LC-ESMS  for sulfate detection 
(540 pmol tryptic digest of holoclusterin) monitored SO3- marker 
ions (m/z 80, dwell time 3 s) in negative ion mode at high orifice 
potential (160 V) and acquired full scans in positive ion mode at 
m/z 500-1,900 (0.25 amu steps, scan time 2 s) at lower orifice 
potential (35 V) in the  same analysis using the API 300 instrument 
(Bean et al., 1995). 

Attachment sites and the structural class of oligosaccharide at 
clusterin glycosylation sites  were determined by a combination of 
Edman degradation and ESMS. The N-terminal sequence of gly- 
copeptides and the position of the carbohydrate attachment sites 
were determined by Edman degradation and masses for the various 
peptides were calculated based on the known protein sequence and 
expected C-terminal proteolytic cleavage site. The peptide mass 
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was then subtracted from the measured mass of the glycopeptide to 
determine the mass of the oligosaccharide. Prior to or in the ab- 
sence of sequence analysis, candidate peptide masses predicted 
from the known protein sequence were subtracted from the mea- 
sured glycopeptide masses to determine the oligosaccharide mass; 
alternatively, typical mammalian oligosaccharide masses were sub- 
tracted from the glycopeptide mass to identify the peptide. The 
structural class of oligosaccharide was determined by comparison 
of the oligosaccharide mass with the established carbohydrate struc- 
tures typically found in mammalian glycoproteins. A range of Hex 
(in-chain chemical average mass, i = 162.14), HexNAc ( i  = 203.20), 
dHex ( i  = 146.14), and NeuAc ( i  = 291.26) residues was used to 
interpret candidate carbohydrate masses in order to identify un- 
usual structures, if present. Tryptic and chymotryptic proteolysis 
provided the major and minor C-terminal cleavage sites, respec- 
tively, but other possible cleavage sites were always considered 
during data interpretation. Prior to Edman analysis, initial oligo- 
saccharide assignments were proposed based on candidate pep- 
tides containing the sequence motif for N-linked glycosylation: 
-Am-X-Ser/Thr-, where X is any amino acid except Pro (Carr 
et al., 1993; Huddleston et al., 1993). 

The relative amount of oligosaccharide structures at each gly- 
cosylation site was estimated based on electrospray positive ion 
intensity of the glycopeptides (Roberts  et ai., 1995). First, the 
observed ion intensities for each charge state of a glycoform were 
summed, then the total intensity for all the glycoforms was calcu- 
lated. The relative amount or distribution of each glycoform at the 
site  was estimated as percent of the total intensity. For example, in 
Figure 6A, charge-state ion intensity sums  are  A2 + A3 - 15,000 
and B2 + B3 -82,000; total ion intensity is A2 + A3 + B2 + B3 
-97,000; and relative amounts  are type 1 (A2 + A3) " 1 5 %  and 
type 2 (B2 + B3) -85%. Only a single glycopeptide species  was 
used for quantifying each glycoform, even if multiple peptides 
were detected due  to partial proteolysis. This quantification method 
assumes that the peptide picks up charge at low pH more readily 
than does the carbohydrate portion. By limiting the quantification 
to a single peptide species, the peptide portion of the glycopeptide 
serves as an internal standard for estimating the amount of the 
oligosaccharide species. 

Peptide sequencing and amino acid analysis 

Phenylthiocarbamyl amino acid analysis was performed as de- 
scribed previously using an automated analysis system (Applied 
Biosystems model 420H/130/920) (West & Crabb, 1992). Micro- 
sequence analysis by Edman degradation was performed using an 
Applied Biosystems gas phase sequencer (model 470/120/900) as 
described previously (Crabb et al., 1988). 

Supplementary  material in Electronic  Appendix 

The Electronic Appendix contains three primary folders entitled 
Supplementary Figures, Supplementary Tables, and Supplemen- 
tary Mass Spectra. The Supplementary Figures folder contains two 
files, Supplementary Figure 1 (LC-ESMS of a Tryptic Digest of 
Holoclusterin Preparation One) and Supplementary Figure 2 (LC- 
ESMS of a Tryptic Digest of Holoclusterin Preparation N o ) .  The 
Supplementary Tables folder contains two files, Supplementary 
Table 1 (Peptides Identified by LC-ESMS from Holoclusterin Prep- 
aration One) and Supplementary Table 2 (Peptides Identified by 

LC-ESMS from Holoclusterin Preparation N o ) .  The Supplemen- 
tary Mass Spectra  folder contains four secondary folders entitled 
Spectra Supporting Table 3,  Spectra Supporting Table 4,  Spectra- 
Supplementary Table l ,  and Spectra-Supplementary Table 2.  Files 
within each secondary folder in Supplementary Mass Spectra  are 
titled by retention time as listed in the relevant tables. Each sup- 
plementary mass spectra  is labeled with the relevant table number 
and peptide residue numbers. 
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